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Abstract 
This paper describes a new way of using cMUT technology: galvanic isolation for power electronics. These devices 
work like acoustic transformers, except that piezoelectricity is replaced by cMUT technology. Primary and 
secondary circuits are two cMUT-based transducers respectively layered on each side of a silicon substrate, through 
which the ultrasonic triggering signal is transmitted. A specific model based on a commercial finite element code 
was implemented to simulate these devices. A particular attention was paid on the modeling of the cMUT/substrate 
coupling which is a key feature for the intended application. First experimental results performed for model 
validation are presented here and discussed. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Galvanic isolation is a key function of power electronic. The principle is to transmit triggering signal between 
two sections of an electrical system with high level of electrical isolation between these two parts. cMUT-based 
(capacitive micro-machined ultrasonic transducers) devices for galvanic isolation application are composed of a 
silicon substrate covered on each side with cMUT arrays, which are respectively the primary and secondary circuits 
of the transformer. The operating principle consists of using the thickness mode resonance of the silicon substrate as 
triggering signal (Fig. 1). In the literature, the modes related to the substrate are usually undesirable since they 
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reduce the device performances [1] and so, design strategies aim to minimize their impact. Here, on the contrary, the 
objective is to transmit a maximum of energy to the substrate via the support of the cMUT membrane, like for the 
works done in ref [2] where surface acoustic wave devices were targeted. However, the novelty of this study lies in 
the double-sided aspect of the developed chips [3]. cMUTs are first fabricated by surface micromachining process 
on two single sided silicon wafers. Both are then bonded by their backside and set on PCB (after being diced in 
double sided chips) for easy handling. 
Previous works in our laboratory [4] have enabled the achievement of cMUT-based device performing galvanic 
isolation function. The electrical efficiency measured, for these first prototypes, from the input electrical circuit to 
the output electrical circuit reached a value of 20%. The work presented here relates to the development of a 3D 
numerical model of such new galvanic isolator, in order to design a new generation of prototypes with improved 
performances. A first step of experimental validation of the developed model will be discussed, where electrical 
measurement of the substrate mode and electromechanical coupling coefficient will be shown. 
2. Numerical model 
The work presented here focus on cMUTs made of square shape membrane (silicon nitride) of 22 μm width and 
420 nm thick. An aluminum electrode is deposited on the membrane, which is suspended above a gap of 375 nm 
heigt. The isolator is composed of two bonded silicon substrates of 350 μm thick. These dimensions were chosen in 
order that cMUT and substrate have resonance frequencies close enough to favor the mechanical coupling between 
each other. Here, the cMUTs were designed to target a frequency of 15.2 MHz (at 0 V bias voltage) and the half 
wavelength thickness mode of the substrate at frequency of 12 MHz. The total chip size is 17 mm per 4.4 mm. 
2.1. Input parameters 
The model has been developed under Comsol Multiphysics software. Here, only one double-sided cMUT cell 
was implemented to model the behavior of the chip, i.e. the thickness of the bonding layer was neglected. The model 
input data are reported in Table 1 and correspond to the measured data on the actual devices. 
Table 1. Simulation input data 
Geometrical and mechanical parameters 
Lmembrane Lelectrode Hmembrane Helectrode Hgap Hsubstrat T0 (membrane initial stress) P0 Initial deflection 
22 μm 15.5 μm 420 nm 450 nm 375 nm 350 μm 173 MPa 1e5 Pa 143 nm 
Material parameters 
ESiN (GPa) ȞSiN ȡSiN (kg.m-3) EAl (GPa) ȞAl ȡAl (kg.m-3) 
Elasticity matrix coefficients for the silicon (GPa) 
c11 c12 c33 c13 c44 c66 
230 0.22 3300 68 0.35 2700 194.5 35.7 165.7 64.1 79.6 50.9 
Electrical parameters 
İSiN İAl Cp (pF) VDC VAC 
7.5 11 290 0 to 154 V 1 V 
 
The first step of the finite elements study was to define the mesh needed to have a good representation of the two 
significant physical phenomena: membrane bending modes and thickness resonance modes of the substrate. Fig. 2 
Fig. 1. Operating principle of the galvanic isolation through cMUT arrays
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shows the eigenfrequencies of the membrane as a function of number of meshing elements along the membrane 
dimension L. A similar study was made for the substrate resonance and the number of meshing elements along the 
substrate height H. One can see that from 12 meshing elements, the frequency value is stable; the same result was 
obtained for the substrate frequency. Thus, this value was retained for all simulations presented here.  
The operating principle consists in adding to the bias voltage a CW voltage, applied to the primary circuit, and 
then to collect, at the secondary circuit, voltage signal resulting from propagation through the Si substrate. It is 
assumed that cMUTs work in linear regime at fixed bias voltage. Note that at the current stage of the development, 
one can compute the displacement of the cMUT receivers for a given voltage or force applied to the cMUT emitter 
and the electrical impedance of the emitter.  
 
 
2.2. Boundary conditions 
On the external edges of the substrate, setting symmetric boundary conditions is sufficient for the study. Such 
boundary conditions ensure that the first thickness resonance modes of the substrate appear at lower frequencies 
than those resulting from resonances along the width of substrate (Lamb waves for example). 
On the membrane edges the mechanical boundary conditions have to be carefully chosen:  
- Set zero displacement conditions (blue line in Fig. 3) on the membrane edges suppresses 
cMUT/substrate coupling: no resonance peak around 12 MHz is observed.  
- On the other hand, set free boundary conditions (green line) enable coupling with substrate (see the 
peak at 12,2 MHz) but shifts the membrane resonance frequency of 2 MHz. This leads to non-realistic 
material properties for the membrane to agree with experimental results. 
- By setting the in-plane displacements only to zero at the cMUT edges and the normal displacement 
component as free (red line), mechanical coupling with substrate is enable and theoretical cMUT 
resonance frequencies agree with experiments. 
2.3. Mechanical study 
It has been shown in [5] that the energy transmitted from cMUT to the substrate goes mainly through the 
supports of the membrane and that, the part linked to the electrostatic force applied to the substrate can be neglected 
Fig. 2. Membranes eigenfrequency as a function of the number of meshing elements along the dimension L 
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Fig. 3. Real part of the impedance of the emitting cMUT for three different boundary conditions at the membrane edges, for a bias voltage 
of 140 V (ux uy uz denote the components of the displacement, z is the axis normal to the membrane)
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in a first approximation. To follow this analysis here, as a first exploitation of the model, we have tried to find best 
operating points for which the mechanical displacement of cMUT receiver was maximum. For this, a purely 
mechanical problem was dealt in order to draw the mechanical transfer function of the galvanic isolator as a function 
of the frequency and the membrane Young’s modulus. The transfer function is defined here as the ratio between the 
displacement amplitude of the cMUT receiver and the force applied to the cMUT receiver (Fig. 4). The substrate 
resonance can be seen at 12 MHz while the membrane resonance frequency evolves linearly with the Young's 
modulus. A gain in displacement amplitude is clearly observed when the two resonances are close but specifically 
when the membrane resonance is just below that of the substrate. This is probably an optimal mechanical operation 
point. It is interesting to observe a “mode degeneration effect” as for two coupled oscillators: the two resonances 
come very close but never they are superimposed. 
3. Experimental results. 
In this part, the first experimental results on the double-sided devices for galvanic isolation will be presented and 
confronted with the model. The prototype has the same geometry than the simulated one with an experimental 
collapse voltage of 134 V. 
3.1. Impedance measurements 
The impedance of the cMUT emitter was measured for several bias voltages. Note that the same results were 
obtained for the other side. Fig. 5 (a) shows the real part of the impedance for bias voltages where resonances of 
substrate and of cMUT are the closest. When the membrane is biased at 126 V, the substrate thickness resonance is 
clearly observed at 12 MHz, and the membrane at 12.75 MHz. At 132 V, the softening effect has shift the membrane 
frequency to 11.5 MHz. Between these two voltage values (128 and 130V), the two resonances comes so close (but 
not superimposed) that it is no longer possible to discriminate which is the resonance membrane which is the 
Fig. 4. Mechanical transfer function: average displacement of receiver cMUT divided by the excitation force 
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Fig. 5. Real part of the impedance for 4 different bias voltage. (a) Measurement, (b) Simulation
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substrate resonance. The same behavior is observed on the real part of impedance calculated with the FEM 
simulations (Fig. 5 b), showing that mechanical substrate/cMUT coupling are well accounted for by the model.  
3.2.  Assessment of the electromechanical coupling coefficient with the substrate 
In this part, the electromechanical coupling coefficient was investigated also [6]. The definition used to calculate 
the electromechanical coupling coefficient of each resonance was the one based on electrical resonance and anti-
resonance frequency values, the most suitable here. Results are given in the Fig. 6. Again it is observed on Fig. 6 
that a really good agreement is obtained between measurement and simulation. The model is able to predict the 
electromechanical behavior of the fabricated devices. Around the crossing zone, the electromechanical coupling 
coefficient reached a value of 0.4 for the two modes. 
4. Conclusion  
A 3D model of cMUT-based galvanic insulator was developed. First experimental validation step was 
successful: the mechanical coupling between cMUT and Si substrate was validated through electrical impedance 
simulations of cMUT emitter. Coupling between cMUT and substrate resonances shows strong similarities with 
coupled oscillators: the development of analytical tools could be useful for a more thorough physical analysis. 
Further works will lead to the implementation of the complete transfer function (electrical-to-electrical) to predict 
the global efficiency of the acoustic transformer. 
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